Mantle cell lymphoma (MCL) is an incurable hematological malignancy characterized cytogenetically by the t(11;14)(q13;32) resulting in overexpression of cyclin D1. 1,2 In addition to elevated cyclin D1 levels, MCL has multiple deregulated or dysfunctional survival and growth pathways including DNA repair, apoptosis, and phosphatidyl-inositol-3 kinase (PI3K)/Akt signaling. 3, 4 Specifically, Akt and downstream mammalian target of rapamycin (mTOR) activation have been associated with an aggressive blastoid phenotype and consequently may be important in the pathogenesis of MCL. 5, 6 Indeed, the Akt/mTOR pathway is activated in MCL by amplification of the PI3K catalytic subunit alpha 7 or the inactivating hypermethylation of the negative regulator phosphatase and tensin homolog. 6 mTOR inhibitors such as temsirolimus [8] [9] [10] and deforolimus 11 as single agents have shown clinically relevant activity in trials for relapsed or refractory MCL, producing 22% to 41% overall response rates. In combination, mTOR inhibitors are postulated to be synergistic with current MCL therapies. 12 Because mTOR inhibitors can indirectly activate Akt, PI3K/Akt inhibitors in combination or as single agents may be more effective in the treatment of MCL than mTOR inhibitors alone. 6 Given that MCL is sensitive to mTOR and PI3K/Akt inhibitors, we hypothesized that MCL would be responsive to 8-Aminoadenosine (8-NH 2 -Ado), an adenosine analog previously observed to reduce phosphorylation of Akt in multiple myeloma cell lines. 13 In addition to or perhaps as a result of its effects on the Akt pathway, 8-NH 2 -Ado targets cellular energetics, most notably the reduction of glucose uptake and intracellular adenosine triphosphate (ATP). [14] [15] [16] [17] This analog accumulates intracellularly as its triphosphate, 8-NH 2 -ATP, to millimolar concentrations in tumor cells. 13 In its triphosphate form, 8-NH 2 -Ado may competitively inhibit kinases and other enzymes that use ATP as a substrate including RNA polymerases. 16 For RNA polymerase II, 8-NH 2 -ATP is also incorporated into mRNA as a chain terminator and inhibits global transcription. 16 Similarly, as demonstrated using yeast 18 and bovine 19 enzymes, 8-NH 2 -ATP is a substrate of poly(A) polymerase and incorporates into the polyA tail of transcripts thereby also impacting global transcription. In sum, 8-NH 2 -Ado has pleiotropic effects on cellular bioenergetics, signaling, and gene expression that may be beneficial for the treatment of hematological malignancies.
Introduction
Mantle cell lymphoma (MCL) is an incurable hematological malignancy characterized cytogenetically by the t(11;14)(q13;32) resulting in overexpression of cyclin D1. 1, 2 In addition to elevated cyclin D1 levels, MCL has multiple deregulated or dysfunctional survival and growth pathways including DNA repair, apoptosis, and phosphatidyl-inositol-3 kinase (PI3K)/Akt signaling. 3, 4 Specifically, Akt and downstream mammalian target of rapamycin (mTOR) activation have been associated with an aggressive blastoid phenotype and consequently may be important in the pathogenesis of MCL. 5, 6 Indeed, the Akt/mTOR pathway is activated in MCL by amplification of the PI3K catalytic subunit alpha 7 or the inactivating hypermethylation of the negative regulator phosphatase and tensin homolog. 6 mTOR inhibitors such as temsirolimus [8] [9] [10] and deforolimus 11 as single agents have shown clinically relevant activity in trials for relapsed or refractory MCL, producing 22% to 41% overall response rates. In combination, mTOR inhibitors are postulated to be synergistic with current MCL therapies. 12 Because mTOR inhibitors can indirectly activate Akt, PI3K/Akt inhibitors in combination or as single agents may be more effective in the treatment of MCL than mTOR inhibitors alone. 6 Given that MCL is sensitive to mTOR and PI3K/Akt inhibitors, we hypothesized that MCL would be responsive to 8-Aminoadenosine (8-NH 2 -Ado), an adenosine analog previously observed to reduce phosphorylation of Akt in multiple myeloma cell lines. 13 In addition to or perhaps as a result of its effects on the Akt pathway, 8-NH 2 -Ado targets cellular energetics, most notably the reduction of glucose uptake and intracellular adenosine triphosphate (ATP). [14] [15] [16] [17] This analog accumulates intracellularly as its triphosphate, 8-NH 2 -ATP, to millimolar concentrations in tumor cells. 13 In its triphosphate form, 8-NH 2 -Ado may competitively inhibit kinases and other enzymes that use ATP as a substrate including RNA polymerases. 16 For RNA polymerase II, 8-NH 2 -ATP is also incorporated into mRNA as a chain terminator and inhibits global transcription. 16 Similarly, as demonstrated using yeast 18 and bovine 19 enzymes, 8-NH 2 -ATP is a substrate of poly(A) polymerase and incorporates into the polyA tail of transcripts thereby also impacting global transcription. In sum, 8-NH 2 -Ado has pleiotropic effects on cellular bioenergetics, signaling, and gene expression that may be beneficial for the treatment of hematological malignancies.
In the current study, we evaluated 8-NH 2 -Ado as a therapeutic agent in MCL. In addition to measuring its effects on transcription and ATP loss, we also evaluated the Akt/mTOR and extracellularsignal-regulated kinase (Erk) signaling pathways. In 4 different MCL cell lines, 8-NH 2 -Ado accumulated as 8-NH 2 -ATP, promoted apoptosis, and inhibited key survival and proliferation signaling pathways including Akt/mTOR, phosphoprotein (p)38, and Erk1/2. Consistent with the cell line studies, rates of global protein translation after 8-NH 2 -Ado treatment were also compromised in primary MCL cells. In contrast with its effects on cell lines and patient lymphoma cells, 8-NH 2 -Ado treatment of normal lymphocytes did not modulate the phosphorylation status of Akt/mTOR, p38, and Erk1/2 pathways. Inhibition of Akt and Erk pathways may explain, at least in part, the selective ability of 8-NH 2 -Ado to decrease proliferation and promote cell death of MCL cells.
Methods

Cell line culture
Granta 519, JeKo, Mino, and SP-53 MCL cell lines were a gift from Dr Hesham Amin (M. D. Anderson Cancer Center) and were maintained as described previously. 20 All cells were routinely tested for Mycoplasma infection using a MycoTect Kit (Invitrogen). The identities of all cell lines were verified using AmpF/STR Identifier kit (Applied Biosystems). Database information was unavailable to verify the identity of SP-53, but its profile did not match any known cell line.
Patients and primary cell culture
Informed consent was obtained for all patients according to the Declaration of Helsinki, and the protocols were approved by the Institutional Review Boards at M. D. Anderson Cancer Center and Northwestern University. The patient characteristics are listed in supplemental Table 1 (available on the Blood Web site; see the Supplemental Materials link at the top of the online article). A separate protocol, which was also Institutional Review Boardapproved, allowed us to obtain peripheral blood mononuclear cell (PBMC) samples from healthy volunteers. Unless indicated otherwise, normal and malignant lymphocytes from peripheral blood or from apheresis samples were isolated by density gradient centrifugation over Ficoll Paque (GE Healthcare) and were incubated in RPMI 1640 medium containing 10% heat-inactivated human serum (Sigma-Aldrich).
Reagents
8-NH 2 -Ado was purchased from R.I. Chemicals Inc [methyl-3 Hthymidine], [5, H]-uridine, and [4, H]-L-leucine were purchased from Moravek Biochemicals Inc. Annexin V fluorescein isothiocyanate (FITC) was from BD Biosciences, and 3,3-dihexyloxacarbocyanine iodine (DiOC 6 ) was from Molecular Probes. All other reagents were high-performance liquid chromatography (HPLC) grade and purchased from Sigma-Aldrich.
Nucleotide concentrations
To quantify ATP and uridine triphosphate (UTP) concentrations, neutralized perchloric acid extracts were separated by HPLC and quantified by ultraviolet light detection as described previously. 20 For thymidine triphosphate (TTP) quantification, the methanol precipitated extracts were first treated with sodium periodate to oxidize the ribose nucleotides. 21 The remaining solution was then immediately analyzed by HPLC as described previously. 22 Rates of DNA synthesis, transcription, and translation H]leucine into DNA, RNA, and proteins was used to quantify rates of DNA synthesis, transcription, and translation, respectively, as described previously. 20 Because drug treatment may alter TTP and UTP levels, [ 3 H]thymidine and [ 3 H]uridine uptake was normalized to TTP and UTP specific activity, respectively, to determine the actual rates of DNA synthesis and transcription. TTP and UTP specific activities were determined by HPLC analysis using ultraviolet light and in-line radioscintillation counting.
Apoptosis and cell-cycle assays
Apoptosis was quantified by measuring loss of mitochondrial potential with DiOC 6 or annexin-V binding using flow cytometry (FACSCalibur; BD Biosciences) as previously described. 20 For cell-cycle analyses, cells were fixed in 70% ethanol, permeabilized, and incubated with propidium iodide at room temperature for 30 minutes. Cells were analyzed by flow cytometry using CellQuest software Version 3.3 (BD Biosciences).
Western blot analysis
Whole cell lysates were prepared and protein concentrations were quantified by Bio-Rad protein assay per the manufacturer's instructions. 14 ). For a protein loading control, the primary antibody for glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was obtained from Millipore (MAB374). Secondary antibody was incubated for 1 hour at room temperature using either horseradish peroxidase-linked anti-rabbit antibody (Cell Signaling Technology) or anti-mouse antibody (Amersham Biosciences). Blots were developed using the Enhanced Chemiluminescence Plus Western blotting detection reagent (Amersham Bioscicenes) and visualized by autoradiography using Amersham Hyperfilm HP (GE Healthcare Limited).
Statistical analysis
GraphPad Prism Version 5.0 (GraphPad Software) was used to perform the statistical analyses. P values of Ͻ .05 were considered statistically significant.
Results
8-NH 2 -Ado promotes cell death and growth inhibition with minor changes in cell cycle
In all Figure 1C ) were substantially less than the half maximal effective concentration (EC) 50 values (30%-50%, Figure 1A ) indicating that 8-NH 2 -Ado effects on growth inhibition may be reversible at low concentrations. Interestingly, while JeKo cells accumulated in the S-phase with loss of the G 2 fraction, growth inhibitory effects of 8-NH 2 -Ado were independent of cell cycle in Granta 519 cells ( Figure 1D ).
8-NH 2 -ATP accumulation is associated with reduced ATP/UTP levels and cell death
All cell lines, including JeKo and Granta 519, accumulated high concentrations of 8-NH 2 -ATP, the putative active metabolite (Figure 2A-B) . In fact, although the fraction of apoptotic Granta 519 cells was comparatively low (Ͻ 30%, Figure 1A ), Granta 519 cells accumulated the highest concentration of 8-NH 2 -ATP reported for any malignancy (15mM), and ATP levels were reduced
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BLOOD, 16 DECEMBER 2010 ⅐ VOLUME 116, NUMBER 25 For personal use only. on July 15, 2017. by guest www.bloodjournal.org From 70%. Thus, low 8-NH 2 -ATP accumulation or ATP decline were not the cause of reduced apoptosis in Granta 519 cells. Although we do not know the exact mechanism for resistance to 8-NH 2 -Ado, Granta 519 also does not undergo apoptosis with 8-chloroadenosine, and its resistance is mainly attributed to high expression of B-cell lymphoma (Bcl)-2. 20, 23 Consistent with this hypothesis, Bcl-2 inhibitors promote apoptosis of Granta 519. 24 Interestingly, while loss of ATP by 8-NH 2 -Ado treatment has previously been reported, ATP loss in these MCL cell lines was also accompanied by loss of UTP ( Figure 2C) ; for Granta 519 cells, the loss of UTP was even more pronounced than that of ATP. After 24 hours of continuous 8-NH 2 -Ado exposure, loss of ATP and the accumulation of 8-NH 2 -ATP were generally associated with cell death ( Figure 2D ). While the extent of the death varied between cell lines, substantial death (Ͼ 15%) was observed when 8-NH 2 -ATP:ATP ratios were higher than 1.
8-NH 2 -Ado inhibits global transcription, DNA synthesis, and translation
At 3M 8-NH 2 -Ado, a concentration less than 2 ϫ EC 50 for JeKo and SP-53 ( Figure 1A) , we quantified the effects of 24 hours of treatment with 8-NH 2 -Ado on [ 3 H] thymidine, uridine, and leucine incorporation ( Figure 3 ). For Mino, 6M 8-NH 2 -Ado, its EC 50 value, was also evaluated for its effect on DNA, RNA, and protein synthesis ( Figure 1A ). For thymidine and uridine ( Figure 3A-B) , incorporation was normalized to the specific activity of its corresponding triphosphate as determined by HPLC because the total TTP (data not shown) and UTP concentrations ( Figure 2C ) were reduced by 8-NH 2 -Ado treatment. As expected, based on the growth inhibition data ( Figure 1B ) and minimal cell-cycle effects ( Figure 1C ), 8-NH 2 -Ado treatment inhibited TTP incorporation into DNA ( Figure 3A) . The rates of RNA synthesis and protein synthesis were also inhibited in all cell lines ( Figure 3B-C) . However, JeKo and SP53 responses were overall greater than those of Mino and Granta 519. As shown earlier, global transcription inhibition by 8-NH 2 -Ado also may have caused loss of Mcl-1, a labile protein encoded by a short half-life transcript ( Figure 1B ).
8-NH 2 -Ado inhibits Akt/mTOR and Erk phosphorylation of MCL cells but not PBMCs
We have previously observed that 8-NH 2 -Ado can reduce phosphorylation of key growth kinases in myeloma cell lines, specifically For each cell line, the dose-response curve was estimated by nonlinear regression using a variable Hill Slope model. The EC50 was defined as the drug concentration required to achieve 50% of the maximum response. The standard errors of the estimated EC50 values for JeKo, Mino, and SP-53 were less than 3%; the EC50 value could not be accurately estimated for Granta 519. (B) Cell death was also evaluated by PARP cleavage. The arrow denotes cleaved PARP. The cells were continuously incubated with 3M 8-NH2-Ado for 24 hours. (C) The growth inhibition of MCL cells was determined after 24 hours of continuous exposure to multiple concentrations of 8-NH2-Ado. The cell concentrations were quantified using a particle count and size analyzer (Beckman Coulter). The IC50 values were estimated by nonlinear regression using a variable Hill Slope model. The IC50 value was defined as the drug concentration required to achieve 50% of the maximum growth inhibition. The standard errors for the IC50 value estimates were less than 8% for all cell lines. (D) The cell-cycle effects were determined by flow cytometry for JeKo and Granta 519 after continuous treatment with 3M 8-NH2-Ado at various time points up to 24 hours. Independent experiments were performed in triplicate shown with SD error bars.
p-Akt. 13 Thus, we hypothesized that 8-NH 2 -Ado would reduce the rates of macromolecular synthesis observed in MCL cell lines because of a decrease in activity of the mTOR/Akt pathway.
To investigate the effects of 8-NH 2 -Ado on the mTOR/Akt pathway, we incubated MCL cell lines with 3M 8-NH 2 -Ado for 0, 5, and 17 hours and immunoblotted for both phosphoproteins and total proteins for Akt, mTOR, GSK3␤, S6, and 4E-BP1 kinases (Figure 4) . For the 4 cell lines, all of these proteins were phosphorylated, as previously reported, 23 indicative of constitutive Akt/mTOR activation in untreated cells. After 8-NH 2 -Ado treatment, however, there was a significant decrease in all phosphoproteins. While the total protein was reduced for some kinases at 17 hours, 8-NH 2 -Ado treatment impaired pathway signaling at 5 hours without reducing total protein levels. Interestingly, the inhibition of Akt/mTOR pathway signaling at 5 hours was concurrent with PARP cleavage in 3 of 4 cell lines ( Figure 1B) suggesting that 8-NH 2 -Ado-mediated apoptosis may be related to signaling. Consistent with inhibition of the Akt/mTOR pathway, 8-NH 2 -Ado treatment also promoted a time-dependent decrease in cyclin D1 (Figure 4) , a protein dependent on 4E-BP1 for translation and GSK3␤ for stabilization. 25, 26 Of note, although cyclin D1 levels were dramatically decreased in JeKo and Granta 519 cells after 8-NH 2 -Ado treatment, the cells did not accumulate in G 0 /G 1 ( Figure 1D ), the generally expected cellular response to cyclin D1 reduction. However, because reduction of cyclin D1 alone in these cell lines does not affect survival and has minimal impact on 
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Given that mTOR and 4E-BP1 are also regulated by Erk pathways, 28, 29 we evaluated the effects of 8-NH 2 -Ado treatment on Erk1/2 and p38. As reported previously, 23 Erk1/2 was constitutively activated in these cell lines. We observed that the 3M concentration of 8-NH 2 -Ado significantly decreased the amount of p-p38 and p-Erk1/2 at 5 hours of incubation, with minor or no change in the total protein levels. At 17 hours, p-p38 and p-Erk1/2 were undetectable in Jeko, Mino, and SP-53 cells and substantially reduced in Granta cells.
To assess the selectivity of 8-NH 2 -Ado on the mTOR/Akt pathway, we evaluated the effect of 8-NH 2 -Ado in PBMCs isolated from healthy volunteers and compared this effect to those in lymphocytes isolated from an MCL patient with blastic and leukemic disease. For comparison, extracts from JeKo cells were reanalyzed. We first examined the effect of 8-NH 2 -Ado on the phosphorylation of Akt, S6, p38, and Erk1/2 and found that while 8-NH 2 -Ado treatment decreased the phosphorylation of all these proteins in the JeKo cells and the lymphocytes isolated from the MCL patient, there was no effect on their phosphorylation status in the PBMCs from healthy volunteers ( Figure 5 ). In addition, while the expression of Mcl-1 in PBMC samples was scarcely detectable and unaffected by 8-NH 2 -Ado treatment, in JeKo cells and MCL patient lymphoma cells, Mcl-1 was expressed at elevated levels in untreated cells and decreased after exposure to 8-NH 2 -Ado. These data indicate that while 8-NH 2 -Ado had a significant effect on the mTOR/Akt and Erk pathways of MCL cell lines and the MCL patient lymphoma, the PBMCs of healthy volunteers were relatively unaffected by 8-NH 2 -Ado treatment.
8-NH 2 -Ado promotes apoptosis, inhibits macromolecule synthesis, and inhibits bioenergetics of primary lymphoma cells
We evaluated the effects of 8-NH 2 -Ado treatment on primary lymphoma cells isolated from peripheral blood of MCL (N ϭ 4) and other B-cell lymphoma patients (N ϭ 2) with leukemic disease, one with cytologic and cytogenetic evidence of transformation characterized by larger cells and t(8;14)(q24;q32). After continuous exposure to 10M 8-NH 2 -Ado, the majority of these lymphoma patient cells did undergo apoptosis including cells from patients 9, 10, 11, and 12 ( Figure 6A ). For the 2 patients (7 and 8) with lymphoma cells that were most resistant to 8-NH 2 -Ado treatment, patient 7 had a complex karyotype, and patient 8 had received 4 prior therapies (supplemental Table 1 ); thus, these 2 patient tumors may have developed resistance mechanisms. 8-NH 2 -Ado treatment promoted cell death concurrently with reduced rates of transcription and translation ( Figure 6C ) and loss of ATP ( Figure 6D ). However, In comparison with 8-NH 2 -Ado effects on UTP in cell lines, patient cell UTP levels were reduced less consistently and to a lesser degree ( Figure 6D) . A measure of 8-NH 2 -ATP intracellular accumulation and activity, 8-NH 2 -ATP: ATP ratios were more highly associated with cell death ( Figure 6B , r ϭ 0.78, P ϭ .02) than to percent loss of ATP alone ( Figure 6D , r ϭ 0.68, P ϭ .06). Although 8-NH 2 -Ado treatment did inhibit transcription and translation at concentrations as low as 1M, this concentration was not sufficient to promote cell death ( Figure 6C) suggesting that other factors, such as Bcl-2 expression, may be more determinant for cell death.
Although 2 MCL patient samples (7 and 8) were relatively resistant to 8-NH 2 -Ado treatment ( Figure 6A ), lymphoma cells were more sensitive to apoptosis after 10M 8-NH 2 -Ado treatment compared with normal PBMCs (P ϭ .04). The major difference in biochemical response between the PBMCs and lymphoma cells was primarily the accumulation of 8-NH 2 -ATP and subsequent loss of ATP. Interestingly, while the Akt/mTOR and Erk pathways of PBMCs were not inhibited during short incubation experiments with 3M 8-NH 2 -Ado, translation was inhibited after 48 hours of 10M 8-NH 2 -Ado treatment ( Figure 6 ). However, even under these more extreme treatment conditions, PBMCs were resistant to apoptosis with 8-NH 2 -Ado.
Discussion
In the current report, we demonstrate that 8-NH 2 -Ado is efficacious in preclinical models of MCL, consisting of 4 cell lines and primary lymphoma cells without affecting normal peripheral blood cells. Importantly, 8-NH 2 -Ado actions on lymphoma cells were not only antiproliferative but cytotoxic. The cytotoxic actions of 8-NH 2 -Ado, an adenosine analog, can be attributed to its effects on the many cellular processes that use ATP, for instance, transcription. [13] [14] [15] [16] [17] Here, we report that 8-NH 2 -Ado actions also include the inhibition of the Akt/mTOR and Erk pathways that are critical to the pathogenesis, proliferation, and survival of MCL. 5, 12, 30, 31 For the MCL cell lines in this study, 8-NH 2 -Ado treatment was able to dramatically reduce phosphorylation of kinases in the Akt/mTOR and Erk pathways after relatively short incubations (5 hours, Figures 4-5) . We demonstrated consistent inhibition of these pathways by measuring downstream loss of phosphorylated 4E-BP1, S6, GSK3␤, loss of cyclin D1, and reduced rates of global translation as quantified by [ 3 H]leucine incorporation ( Figure 3C ). 8-NH 2 -Ado may be therapeutically advantageous compared with other mTOR inhibitors because 8-NH 2 -Ado inactivates the Akt/ mTOR pathway without apparent feedback regulation. While it is clear that inhibition of the mTOR pathway is a clinically relevant approach for the treatment of patients with MCL, 8,9,11 mTOR inhibitors as a single agents are cytostatic and do not consistently reduce cyclin D1 levels. 6, 23 Others have demonstrated the importance of the Akt and the Erk pathways as mechanisms of resistance to apoptosis. 6, 23 Thus, we conclude that 8-NH 2 -Ado as a therapeutic agent in MCL warrants further investigation because its actions may target the same pathways but overcome the limitations of other mTOR inhibitors.
Interestingly, the inhibition of Akt/mTOR and Erk pathways is characteristic of 8-NH 2 -Ado and does not appear to be a universal mechanism of action for the drug class. Specifically, 8-chloroadenosine has cytotoxic actions and inhibits global transcription of these same MCL cell lines but without consistent loss of cyclin D1 or translation inhibition. 20 8-Cl-ado also requires p38 activation in leukemia cells to promote apoptosis and inhibit proliferation. 32 Furthermore, in comparative studies, only 8-NH 2 -Ado and not 8-Cl-Ado or other deoxynucleoside analogs decreased phosphorylation of Akt/Erk pathway proteins. Thus, 8-NH 2 -Ado actions are distinct from currently characterized ribose and deoxyribose nucleoside analogs and require separate study.
While the exact mechanisms for Akt/mTOR and Erk pathway inhibition by 8-NH 2 -Ado are unknown at this time, we hypothesize that 8-NH 2 -Ado accumulation as an intracellular triphosphate will competitively inhibit kinases. This explanation is more likely than a reduction of global ATP levels because ATP levels, while substantially reduced in these cell lines after treatment (70% loss, Figure 2B ), are generally not rate-limiting in kinase reactions. 33 Consistent with this hypothesis, as previously reported for myeloma cells, 13 a comparable decrease in intracellular ATP achieved by inhibiting glycolysis did not affect the phosphorylation of Akt or Erk proteins. Interestingly, although ATP levels were 
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To further evaluate the selectivity of 8-NH 2 -Ado for lymphoma cells, the efficacy of 8-NH 2 -Ado was determined using PBMCs from healthy donors (Figures 5 and 6 ). 8-NH 2 -Ado did not inhibit the Akt/mTOR and Erk pathways in these PBMCs. Even with higher concentrations and prolonged exposure, the PBMCs did not undergo substantial apoptosis (Ͻ 20% death at 48 hours). While the number of lymphoma patient samples was limited regarding kinase inhibitory effects, the results were consistent with the data in 4 cell lines and were in stark contrast to the observations in normal PBMCs.
Although we cannot eliminate other cell type-specific events, the lack of PBMC response may have been due to reduced accumulation of 8-NH 2 -ATP in PBMCs compared with lymphoma cells (Figure 6 ). Although the number of primary lymphoma patient samples was low in this study (N ϭ 6), we generally observed higher accumulation of 8-NH 2 -ATP in lymphoma cells. In support of this hypothesis, accumulation of 8-NH 2 -ATP and the corresponding level of ATP expressed as a ratio (8-NH 2 -ATP:ATP) were associated with cell death (P ϭ .03). Thus, we conclude that 8-NH 2 -Ado actions are at least in part dependent on accumulation of 8-NH 2 -ATP, and accumulation may be dependent on cell type.
The variability in the accumulation of 8-NH 2 -ATP and cytotoxicity we observed in patient MCL cells may be explained in part by variability in the expression of adenosine kinase ( Figure 6 ). To be activated and accumulate in the cells, 8-NH 2 -Ado like other 8-substituted adenosine analogs, must first be phosphorylated by adenosine kinase. 15 Interestingly, patient MCL cells expressed variable levels of adenosine kinase mRNA (15-fold range), and high expression was associated with worse clinical outcomes (2.1 versus 8.0 years overall survival, P ϭ .004, not shown, data from Rosenwald et al 34 ). These data suggest that 8-NH 2 -Ado may selectively accumulate as 8-NH 2 -ATP in MCL cells with a more aggressive phenotype.
In addition to variability in 8-NH 2 -ATP accumulation and subsequent ATP loss, there may be other factors that promote resistance to 8-NH 2 -Ado treatment. For instance, Granta 519 cells were able to accumulate extraordinarily high concentrations of 8-NH 2 -ATP (15mM) after treatment with 8-NH 2 -Ado, but the cells did not undergo apoptosis presumably because of Bcl-2 overexpression (Figure 1 ). For the patient lymphoma cells, the most resistant cells either had a complex karyotype (patient 7) or were from a patient with multiple prior treatments (patient 8; Figure 6 and supplemental Table 1 ). Thus, these MCL cells may have acquired multiple mechanisms of resistance to therapeutics. In addition, this study did not evaluate other possible mechanisms of resistance to 8-NH 2 -Ado such as those induced by lymph node microenvironment or by bone marrow stromal cells. These are of particular importance as microenvironment factors activate Akt and Erk pathways. 35 We are pursuing these investigations by co-culturing lymphoma cell lines with bone marrow stromal cells.
In conclusion, 8-NH 2 -Ado is a cytotoxic agent in preclinical models of MCL. The efficacy of 8-NH 2 -Ado is dependent on the accumulation of 8-NH 2 -ATP that is selective for lymphoma cells. Inhibition of the mTOR/Akt and Erk pathways is unique to 8-NH 2 -Ado, and given the importance of these pathways in the pathogenesis and progression of cancer, its specific mechanism as a kinase inhibitor warrants further investigation.
